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Abstract
A detailed-level collisional-radiative model for the M1 transition spectrum of
the Ca-like W54+ ion as observed in an electron beam ion trap (EBIT) was
constructed based on atomic data calculated by the relativistic configuration
interaction method and distorted wave theory. The present calculated tran-
sition energy, rate and intensity of W54+ M1 transitions are compared with
previous theoretical and experimental values. The results are in reasonable
agreement with the available experimental and theoretical data. The synthetic
spectrum explained the EBIT spectrum in the 12-20 nm region, while a new
possibly strong transition has been predicted to be observable with an appro-
priate electron beam energy. The present work provides accurate atomic data
that may be used in plasma diagnostics applications.
Keywords: Collisional-radiative model, Ca-like tungsten, relativistic
configuration interaction, EBIT spectrum simulation
✩Please cite this article in press as: X.Ding et al., Collisional radiative model for
the M1 transition spectrum of the highly-charged W54+ ions, Phys. Lett. A (2018),
https://doi.org/10.1016/j.physleta.2018.05.046 .
∗Corresponding author.
Email addresses: dingxb@nwnu.edu.cn (Xiaobin Ding), dongcz@nwnu.edu.cn
(Chenzhong Dong)
Preprint submitted to Physics Letters A November 9, 2018
1. Introduction
The structure and properties of tungsten ions draw more and more atten-
tion in recent research due to its application in magnetic confinement fusion.
Tungsten has been chosen to be the material of the plasma-facing components
in various fusion reactors, such as ITER, EAST, JET, and ASDEX-Upgrade,
because of its favourable physical, chemical and thermal properties such as the
ability to withstand high heat loads, low sputtering yield and tritium retention
[1, 2]. Therefore, tungsten ions will inevitably be produced due to interaction
between the edge plasma and the tungsten wall, and they will possibly be trans-
ported into the hot core plasma region. However, as tungsten is a heavy element
with many electrons, it will not be fully ionized even in the core plasma with
high temperature (T ∼ 25 keV) of ITER. Highly charged tungsten ions will emit
high energy photons. Thus, large radiative energy loss from these ions can be
expected, which will lead to disruption of the plasma if the relative concentra-
tion of W ions in the core plasma is greater than about 10−5 [3]. Monitoring
and controlling the flux of the highly charged W impurity ions will be crucial
to the success of the fusion [4]. Furthermore, the spectra of W impurity ions
observed from the fusion plasma provide important diagnostic tools to measure
the electron density and temperature of the plasma.
Many research works on the radiative properties of tungsten ions related
to fusion in various ionization stages have been published in the past several
decades [5–13]. Special attention has been paid to the magnetic dipole (M1)
transitions of the W54+ ion [14–23]. In their electron beam ion trap (EBIT)
experiment, Ralchenko et al. [14] observed two emission peaks at 14.986 nm
and 17.144 nm, which they identified with M1 transitions between the levels of
the ground configuration [Ne]3s23p63d2 of W54+. They also observed another
weaker transition peak of the same ion in the later work [15], where a non-
Maxwellian collisional-radiative model was employed to analyse the observed
spectrum. Safronova et al. [16] calculated the rates of M1 transitions between
the levels of the ground configuration by using the relativistic many-body per-
turbation theory (RMBPT). Quinet [17] calculated wavelengths and transition
rates of forbidden transitions within the 3dn (n=1-9) and 3pk (k=1-5) ground
configuration of tungsten ions (W47+- W61+) using fully relativistic multicon-
figuration DiracFock (MCDF). Guo et al. [18] calculated the energy, transition
wavelengths and rates for M1 transitions of W54+ with the RMBPT and rela-
tivistic configuration interaction (RCI) methods. Recently, Safronova et al. [19]
and Zhao et al. [20] calculated the M1 and E2 transition properties for the 3dn
configuration in tungsten ions by using relativistic all-order many body calcu-
lation and MCDF methods, respectively. Ding et al. [21–23] calculated the E1,
E2, M1, M2 transitions data (the wavelengths, energy levels, radiative transi-
tion rates) of W54+ by using the MCDF method with restricted active space.
The results were in reasonable agreement with available experimental and theo-
retical values. They also constructed a detailed-level collisional-radiative model
to simulate the visible spectrum of M1 transitions of W26+ [24] and the soft
X-ray spectrum of E1 transitions of W54+[25], which had been observed in var-
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ious EBIT experiments. The present work is devoted to interpretation of the
observed M1 spectrum from the previous EBIT experiment [14, 15].
2. Theoretical method
Collisional-radiative modelling has been used to analyse the plasma spec-
trum. The emission intensity Ii,j(λ) of an individual transition with wavelength
λ from the upper level i to the lower level j in an optically thin plasma is pro-
portional to the transition energy hν, transition rate A(i, j), population of the
ions in the upper excited level n(i) and the normalized line profile φ(λ), which
can be written as:
Ii,j(λ) ∝ n(i)hνA(i, j)φ(λ) (1)
where the normalized line profile φ(λ) was taken as a Gaussian profile, which
may include the Doppler, natural, collisional and instrumental broadening ef-
fects.
The population of the upper excited level n(i) is determined by various
atomic physics processes in the plasma, such as spontaneous radiative decay,
electron-collisional (de)excitation, radiative recombination, electron-collisional
ionization, dielectronic recombination, three-body recombination, and other in-
teraction processes, e.g. between atom and ion or between ion and ion. However,
the radiative recombination, three body recombination, and charge exchange
processes are expected to be negligible in the EBIT transient dilute plasma.
The free electron energy distribution in the electron beam of an EBIT facility
is almost monoenergetic under typical operation conditions, the dielectronic re-
combination process can be neglected because the electron beam energy is far be-
yond the DR resonance energies. For the current interest, only one ionic species
W54+ are assumed to exist in the EBIT plasma, while electron-collisional ion-
ization can be omitted. Finally, in the present calculation the excited state pop-
ulation is mostly determined by balance between the collisional (de)excitation
and radiative decay processes.
The temporal development of the population n(i) in a specific excited level
i can be obtained by solving the collisional-radiative rate equation:
d
dt
n(i) =
∑
j<i
C(i, j)nen(i)
−[
∑
j<i
{F (i, j)ne +A(i, j)}+
∑
j>i
C(i, j)ne]n(i) (2)
+
∑
j>i
[F (j, i)ne +A(j, i)]n(j)
where ne is the electron density of the plasma, C(i, j) and F (j, i) are collisional
excitation and deexcitation rate coefficients from the level j to i, respectively.
The collisional excitation rate coefficient can be calculated by convoluting the
cross section of the collisional excitation process with the free electron energy
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distribution function. For the plasma with the electron temperature Te, the free
electron energy distribution function was assumed to be Maxwellian. For the
EBIT facility, the free electron energy distribution is almost monoenergetic and
can be approximated by the δ function. The collisional deexcitation rate coeffi-
cients can be obtained by the detailed balance principle. These rate equations
are solved under the quasi-steady-state (QSS) approximation, i.e., dn(i)/dt = 0.
The transition intensity Ii,j(λ) can be calculated after the population n(i) of
the transition is determined.
W54+ ion is a highly charged ion with the ground state [Ne]3s23p63d2. It has
two electrons in the outmost 3d subshell. To construct an appropriate CR model
for the M1 spectrum of W54+, we included all levels of the configurations formed
by single and double electron substitution from the n = 3 subshells of the ground
configuration into the 3d and all n = 4 subshells. There are 2,078 levels in the
present CRM. The configuration interaction effects were taken into account by
the same scheme as in our previous work [25] which was found to adequately
describe the most important electron correlation effects in the W54+ ion. All
the necessary fundamental atomic data, such as the energy levels, radiative
transition rates (E1, M1, E2, M2), and cross sections of collisional (de)excitation
were calculated by the RCI and distorted wave methods, as implemented in the
Flexible Atomic Code (FAC) package [26].
3. Result and discussion
The transition wavelength λ (in nm), transition rate A (in s−1), and the
intensity (emission power density of the plasma) ”Int.” of the M1 transitions
among the 3s23p63d2 ground configuration levels of W54+ are presented in Ta-
ble 1. ”λExp” and ”λTheo.” represent the results from the EBIT experiment and
other theories, such as MCDF, RMBPT, and RCI methods. It can be found
from the table that the calculated wavelengths and transition rates are all in
reasonable agreement with available experimental and other theoretical results.
The discrepancy of the transition wavelengths between the present calculation
and the EBIT experiment is within 0.34%. In the previous MCDF calculation,
Quinet et al. [17] took the electron correlations within the n = 3 complex and
some n = 3 to n = 4 single-excitation configurations into account. The discrep-
ancies of the transition wavelengths and rates with the present calculation are
about 0.07% and 0.01%, respectively. Ding et al. [23] have included somewhat
more electron correlations by extending the correlation configurations to include
single and double excitation from the n = 3 complex to n ≤ 6 subshells, and
the discrepancies of the transition wavelengths and rates with the present cal-
culation are about 0.02% and 0.03%, respectively. Safronova et al. [16] started
their calculation based on the Dirac-Fock potential of the 1s22s22p63s23p6 core
configuration for Ca-like tungsten ion by RMBPT. The discrepancies of the
transition wavelengths and rates with the present calculation are about 0.24%
and 0.58%, respectively. These large discrepancies are mainly due to the cor-
relation effects of the 3s and 3p orbitals omitted in the RMBPT calculation.
Ralchenko et al. [15] calculated the energy levels and M1 transition rates within
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the ground configuration of W54+ by FAC. The configuration interaction within
the n = 3 complex and single excitations up to n = 5 were taken into account in
their calculation. Both the transition wavelength and rate agree very well with
the present work, by about 0.02% and 0.01%, respectively. In order to ensure
completeness, the configuration interactions within the n = 3 complex and the
single and double excitations to n = 4 have been included more extensively in
the present calculation. In Table 1, we included only transitions with relatively
large predicted intensity Ii,j , which could be observed in the experiment. Some
of the transitions have large transition rates but small population resulting in
small intensity that cannot be observed at the present electron beam energy
and density of electrons. The uncertainties of the calculated transition rates
are estimated by using the same method as in Zhao et al. [20]. The MCDF
transition rates from Ding et al. [23] are taken as reference. Most of the strong
transitions have uncertainties of less than 1 %, while the weaker transitions have
relatively larger uncertainties.
The E2 transitions between levels of the ground configuration of W54+ are in-
cluded in the present calculation, but no significant contribution was found from
these transitions. The E2 transition rates are on average 3 orders of magnitude
smaller than M1 rates. For the level pairs having both M1 and E2 transitions
allowed between them, the E2 contribution to the predicted intensity is about
1/1000 on average. For the level pairs allowing only E2 transition, there are no
very large populations of the upper levels. Thus, the E2 transition contribution
to the predicted intensities is also negligibly small. The M2 transitions are sim-
ilar to E2 insofar as they do not give any significant contribution to the present
model.
The synthetic spectrum of the M1 transitions within the ground configura-
tion of W54+ in the wavelength range 12-20 nm is shown in Fig. 1. The upper
panel (a) is the spectrum obtained by convoluting the transition rates with a
Gaussian profile. It shows the relative magnitude of the transition rates. The
middle panel (b) is the synthetic spectrum for the EBIT case with the elec-
tron density ne = 10
10 cm−3 and the electron beam energy Ee = 6000 eV. In
the present calculation, all peaks observed in the EBIT experiment [15] were
reproduced, such as those corresponding to the transitions with key 4, 8 and
10. In addition to these three strong transitions, the peak 3 may be observable
in future EBIT experiments under similar operating condition. This transition
(key 3) is the M1 transition (3/2, 3/2)2 → (3/2, 5/2)1 within the ground con-
figuration of the W54+ ion with the predicted wavelength of 14.154 nm. The
bottom panel (c) is the synthetic spectrum calculated for the plasma with the
electron density ne = 10
16 cm−3 and electron temperature Te = 6000 eV with
Maxwellian distribution of free electron energies. The result indicates that all
transitions with large transition probabilities would be observable under these
conditions.
The intensity for a specific transition is proportional to the population of the
excited upper level i and transition rate. Usually, a transition with a larger rate
is more likely to be observed in an experiment. However, in the present case, the
transition with key 1 has a large transition rate but was not observed in previous
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Fig. 1. A synthetic spectrum of the W54+ ion for wavelengths 12-20 nm: (a)
Convoluting the transition rate with a Gaussian profile; (b) The spectrum for
the EBIT case with the electron density ne = 10
10 cm−3 and the electron beam
energy Ee = 6000 eV; (c) The spectrum for a plasma with the electron density
ne = 10
16 cm−3 and temperature Te = 6000 eV.
experiments, while another transition with key 4 was observed experimentally,
but it has a small transition rate as shown in Fig 1 (a) and (b). As follows from
our calculation, for the transition with key 4, the ratio of the population and
depopulation fluxes is 11.69, while for the unobserved transition with the key 1
this ratio is only 0.107. This leads to a significant decrease of the population of
the upper excited level of the transition with the key 1.
4. Conclusion
A collisional-radiative model (CRM) of the M1 spectrum of the W54+ ion
previously observed in an EBIT experiment was constructed by considering the
spontaneous radiative decay and electron-collisional (de)excitation processes in
the plasma. The transition wavelengths and rates within the ground configura-
tion [Ne]3s23p63d2 of W54+ were calculated using the relativistic configuration
interaction method. All the necessary atomic data for constructing the CRM
was calculated with the FAC package. The calculated energy levels and transi-
tion rates are in reasonable agreement with the previous theoretical and experi-
6
Table 1. The calculated transition wavelength λ, transition rate A , intensity
”Int.”, available experimental and other theoretical values for strong M1 tran-
sitions of the W54+ ion. The column ’Key’ corresponds to the label in Fig 1.
The uncertainty ”Unc.” of the present calculation was estimated by using the
method described in [20]. Notion a(b) for transition rates A means a×10b.
Lower Upper λ(nm) λExp(nm) λTheo.(nm) A(s
−1) Aothe.(s
−1) Int.(arb. u.) Key Unc.(%)
(3/2, 3/2)2 (5/2, 5/2)2 7.703 7.712
b 7.694c
7.700f 7.695g
1.18(4) 1.28(4)b1.15(4)c
1.14(4)f 1.14(4)g
5.83E-11 0.6
(3/2, 5/2)1 (5/2, 5/2)0 12.720 12.721
b 12.723c
12.757d
12.716f
12.738g
7.85(6) 7.32(6)b7.88(6)c
7.83(6)d7.79(6)f
7.86(6)g
9.91E+05 1 0.5
(3/2, 5/2)3 (5/2, 5/2)2 13.987 14.008
b 13.981c
13.997f
13.989g
7.57(5) 7.52(5)b7.59(5)c
7.48(5)f7.58(5)g
2.06E-09 2 0.5
(3/2, 3/2)2 (3/2, 5/2)1 14.154 14.176
b 14.150c
14.163f
14.152g
2.62(5) 2.58(5)b2.63(5)c
2.60(5)f2.63(5)g
9.82E+07 3 0.5
(3/2, 3/2)2 (3/2, 5/2)2 14.986 14.959
a 14.984a
15.010b 14.974c
14.980d
(14.970,14.924)e
14.985f
14.977g
1.81(6) 1.80(6)a1.80(6)b
1.82(6)c1.81(6)d
1.77(6)e1.76(6)f
1.82(6)g
5.30E+08 4 0.5
(3/2, 5/2)3 (5/2, 5/2)4 15.380 15.413
b 15.369c
15.369d
15.378f
15.371g
3.82(6) 3.76(6)b3.84(6)c
3.82(6)d3.79(6)f
3.84(6)g
1.13E+07 5 0.5
(3/2, 5/2)2 (5/2, 5/2)2 15.849 15.860
b 15.827c
15.848d
15.839f
15.828g
3.11(6) 3.10(6)b3.13(6)c
3.11(6)d3.08(6)f
3.13(6)g
7.44E-09 6 0.6
(3/2, 5/2)1 (5/2, 5/2)2 16.899 16.911
b 16.865c
16.907d
16.874f
16.867g
1.30(6) 1.29(6)b1.31(6)c
1.30(6)d1.29(6)f
1.31(6)g
2.93E-09 7 0.9
(3/2, 3/2)2 (3/2, 5/2)3 17.144 17.080
a 17.147a
17.157b 17.110c
17.138d
(17.071,17.218)e
17.117f
17.105g
3.68(6) 3.68(6)a3.68(6)b
3.70(6)c3.68(6)d
3.64(6)e3.66(6)f
3.70(6)g
9.43E+08 8 0.5
(3/2, 5/2)4 (5/2, 5/2)4 18.607 18.593
b 18.553c
18.621d
18.568f
18.550g
1.10(6) 1.11(6)b1.10(6)c
1.09(6)d1.09(6)f
1.10(6)g
2.68E+06 9 0.5
(3/2, 3/2)0 (3/2, 5/2)1 19.268 19.177
a 19.281a
19.294b 19.218c
19.222d
(19.160,19.422)e
19.237f
19.204g
1.72(6) 1.72(6)a1.77(6)b
1.74(6)c1.74(6)d
1.71(6)e1.72(6)f
1.74(6)g
4.74E+08 10 1.0
(3/2, 5/2)3 (3/2, 5/2)4 88.692 90.123
b 89.579c
89.510f
89.698g
8.78(3) 8.56(3)b8.49(3)c
8.41(3)f 8.45(3)g
5.31E-01 2.1
(3/2, 5/2)3 (3/2, 5/2)2 119.045 119.974
b
119.920c
120.325f
120.370g
4.52(3) 4.35(3)b4.43(3)c
4.32(3)f 4.38(3)g
1.65E+05 2.1
(3/2, 5/2)2 (3/2, 5/2)1 255.047 255.066
b
255.047c
258.211f
257.030g
6.71(2) 6.79(2)b6.57(2)c
6.40(2)f 6.56(2)g
1.19E+04 3.2
a From Ralchenko et al. [15]; Experimental data from EBIT observations and theoretical data
from FAC calculation.
b From Safronova et al. [16] by the RMBPT method.
c From Ding et al. [23] by the MCDF method.
d From Quinet [17] by the MCDF method.
e From Guo et al. [18] by the RMBPT and RCI methods.
f From Safronova et al. [19] by the relativistic all-order many body calculation methods.
g From Zhao et al. [20] by the MCDF methods.
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mental values, and the synthetic spectrum provides a reasonable explanation for
the EBIT experimental observation. Finally, a potentially strong M1 transition
with a wavelength near 14.154 nm is predicted to be observable in future EBIT
experiments.
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